Abstract The degree of stratification in the reticulorumen contents is considered a major explanatory factor for other morphological and physiological differences between ruminant feeding types. However, information on reticulorumen (RR) contents is usually gathered from dead animals or indirect such as passage kinetics. We hypothesized that, although the contents of the gastrointestinal tract can usually not be evaluated by ultrasonography, the three typical layers of stratified RR contents (gas dome, fibre mat, fluid) can be demonstrated by this technique. In three domestic cows, the gas dome in the cows' rumens could be demonstrated sonographically by reverberation lines running in parallel to the line demarcating the rumen mucosa, as is typical for the sonographic image of large, gas-filled spaces. More ventrally, the area behind the rumen mucosa showed typical pattern indicating gaseous inclusions, corresponding to the fibre mat inside the rumen. Further ventrally, in two of the animals, the area behind the demarcation line appeared dark without reverberation lines, as is typical for large fluid-filled spaces. When the technique was applied to a captive, habituated, browse-fed moose, no gas dome could be demonstrated, supporting the hypothesis that the reticulorumen contents of browsers are less stratified. The results of this study indicate that sonography represents a useful tool for the demonstration of RR contents stratification in live animals.
Introduction
Sonography has proven a useful tool for the investigation of the gastrointestinal tract of cattle (Braun 2003) . It has been used for the demonstration of physiological states of the reticulum Kaske et al. 1994) , the omasum (Braun and Blessing 2006) , the abomasum (Braun et al. 1997 ) and the small (Braun and Marmier 1995) and the large intestines (Braun and Amrein 2001) . In particular, the findings on the frequency of contractions of the reticulum have been incorporated into models for the mechanistic function of the ruminant forestomach (Seo et al. 2007 ). In addition, ultrasonography can also be used as a diagnostic tool to detect pathological changes in the gastrointestinal tract-the reticulum (Braun et al. 1993; Braun et al. 1998; Braun et al. 2002a) , the omasum, the abomasum (Braun et al. 1995a ) and the small (Braun et al. 1995b ) and the large intestines (Braun et al. 2002b) . While tissue structures and movement can easily be visualized, the ingesta of the forestomach, in particular of the reticulorumen, cannot be imagined normally due to its partly gaseous composition (Braun 2003) .
However, certain aspects of the ingesta of the ruminant forestomach might be accessible to ultrasonographic investigation nevertheless. In domestic ruminants fed forages, the contents of the rumen are stratified, with a fibre mat on top of a fluid layer (Grau 1955; Hofmann 1973; Welch 1982) . This stratification of the rumen contents is considered a prerogative for the selective retention of particles in the rumen (Beaumont and Deswysen 1991; Lechner-Doll et al. 1991) , as it is characteristic for grazing ruminants such as mouflon (Ovis ammon musimon), sheep, addax antelope (Addax nasomaculatus), cattle, buffalo (Bubalus bubalis) and banteng (Bos javanicus; Clauss and Lechner-Doll 2001; Behrend et al. 2004; Clauss et al. 2006a; Hummel et al. 2008a; Schwarm et al. 2008) . In contrast, browsing ruminants such as roe deer (Capreolus capreolus), moose (Alces alces), okapi (Okapia johnstoni) and giraffe (Giraffa camelopardalis) appear to have a less distinct selective particle retention in the rumen Behrend et al. 2004; Hummel et al. 2005; Clauss et al. 2006a) , and it has been repeatedly reported that the rumen contents of these species and other browsers appear not to show the typical stratification (Hofmann 1969; Hofmann 1973; Nygren and Hofmann 1990; Renecker and Hudson 1990; ). This basic difference between free-ranging animals of different feeding typesstratification in grazing but no stratification in browsing ruminants ( Fig. 1 )-has been used to explain a series of anatomical and physiological differences observed between various wild ruminant species (Jiang and Hudson 1996; Clauss et al. 2003; Clauss et al. 2006b; Hofmann et al. 2008) . However, the presence or absence of stratification in wild ruminants remains to be described in quantitative terms and in live animals.
One particularly interesting difference between grazing and browsing ruminants is the absence of papillae on the dorsal rumen mucosa in grazers (Hofmann 1973) . Papillae growth is stimulated by volatile fatty acids, in particular butyrate (Warner et al. 1956 ). The continuous presence of a gas dome of CO 2 and methane in the dorsal rumen of grazers ( Fig. 1) will prevent significant concentrations of volatile fatty acids in this region, resulting in an unpapillated mucosa. In contrast, the rumen of browsing ruminants is usually completely papillated, even in the dorsal area (Hofmann 1973) . The resulting hypothesis is that in browsers, no gas dome exists, probably due to more viscous rumen fluid, in which the fermentation gases are trapped (Clauss et al. 2006a; Clauss et al. 2007 ), leading to the overall "frothy" appearance of browsers' rumen contents ).
Differences in rumen contents stratification should be studied in live animals; in particular, the presence or absence of a gas dome can hardly be demonstrated in dead animals, in which forestomach motility ceases at once but bacterial fermentation (and hence gas production) continues. The evaluation of non-invasive techniques for a direct demonstration of rumen contents stratification would represent a major progress in the ongoing investigations of wild ruminant digestive physiology. We predicted that ultrasonography is a useful tool to demonstrate the presence or absence of a gas-filled part of the rumen and the difference between the fibre mat and the underlying, more fluid rumen contents in domestic cattle. Our assumption was that if we could demonstrate either the three major stratification layers in domestic cattle or only the difference between the gas dome and the fibre mat, then sonography might be aptly used to demonstrate a similar stratificationor its absence-in other ruminants, too.
Materials and methods
Three healthy, non-pregnant cows (Swiss braunvieh; 4, 6 and 7.5 years old) owned by the Department of Farm Animals were used for this study. The animals were kept on a grass pasture for about 4 weeks prior to the ultrasonographic examination. They additionally were offered, twice daily, about 5 kg of grass hay and 1 kg of whole-plant maize pellets (Feedstuff 501, Landi AG, Winterthur, Switzerland). One of the three animals had a rumen cannula of approximately 12 cm in diameter and was routinely used for teaching purposes in the veterinary curriculum. The hair on the left flank of each cow was removed, first by clipping and then by the application of a depilatory cream (Depilatorium; Veterinaria, Zurich, Switzerland) from the hind limb to the twelfth rib and from the lateral vertebral processes to the subcutaneous abdominal vein. A 5 MHz linear transducer and wideview panoramic software (Hitachi Ultrasound Scanner Type EUB 6000; Hitachi Medical Systems, Zurich, Switzerland) was used to examine the standing non-sedated cows.
In order to corroborate the findings, the dorsal rumen of the cannulated animal was partially evacuated of its contents. Then, the transition from the fibre mat to the empty dorsal rumen was palpated blindly by hand through the rumen cannula. Afterwards, the intraruminal hand was pressed Fig. 1 Hypothetical differences between the stratified rumen contents of grazing ruminants (left) and the un-stratified rumen contents of browsing ruminants (right). Modified from Clauss et al. (2003) against the ruminal wall at the transition point between the gaseous and the fibrous rumen contents, so that the linear transducer could be positioned at the exact spot on the abdominal skin that corresponded to the transition from the fibre mat to the empty dorsal rumen. Reverberation artefacts in the dorsal rumen were interpreted as indicative for a gas dome. The received ultrasonographic images were compared between the cannulated and non-cannulated cows.
After the initial validation of the technique in the domestic cattle, the technique was applied to a captive, adult, female moose. The animal was usually kept on a ration of browse, lucerne hay and approximately 0.5 kg of whole-plant maize pellets and was habituated to the presence of several humans in its enclosure. For 48 h prior to the examination, the animal received only willow browse (Salix spp.) in an unrestricted (ad libitum) amount. For the ultrasonographic examination, the dorsal area of its left flank was shaved. The moose tolerated the presence of the investigators, the application of the pre-warmed contact gel and the ultrasonographic procedure (Fig. 2) without restraint. A portable Tringa Linear Vet (Esaote Biomedical, Neufarn, Germany; linear transducer, 5 MHz) was used for this examination.
Results

Domestic cattle
The ruminal wall and the structures between the ruminal wall and the outer skin were clearly visible, but it was not possible to differentiate the layers of the ruminal wall itself. A visual display of the results, together with the interpretation of the location of the transducer in relation to the rumen contents, is given in Fig. 3 . For the cannulated animal, the position of the transducer in relation to the transition from the "empty" ("gas dome") phase to the fibre mat was confirmed by manual palpation of the rumen contents.
The gas dome in the dorsal area of the three cows' rumens could be demonstrated ultrasonographically by reverberation artefacts running in parallel to the line demarcating the ruminal wall (Fig. 3a) , as is typical for ultrasonographic images of gas-filled spaces. The transition from the gas dome to the fibre mat could actually be visualized as an abrupt cessation of the reverberation artefacts in all three cows (Fig. 3b) . In the area corresponding to the fibre mat, a typical pattern indicating gaseous inclusions in the material close to the mucosa could be demonstrated (Fig. 3c) . Further ventrally, this pattern became smaller and disappeared, with the area behind the ruminal wall appearing dark without reverberation artefacts, as is typical for fluid-filled spaces (Fig. 3d) . This was indicating a disappearance of gaseous inclusions in solid contents. The ultrasonographic differences between the fibre mat and the fluid phase could only be visualised in two of the three cows.
Moose
In the area of the left flank corresponding to the dorsal area of the moose's rumen, no gas-containing area (i.e. with reverberation artefacts) could be detected (Fig. 4) . Due to a thick subcutaneous fat layer, the ventral rumen could not be evaluated.
Discussion
The results of this study indicate that ultrasonography represents a useful tool for the demonstration of the rumen contents' stratification, most particularly the existence of a gas dome, in live animals. The formation of reverberation artefacts when ultrasonography is applied to gas-filled objects is a well-documented feature of this investigation technique. The cause for the appearance of these reverberation artefacts is that strong echoes are reflected on the surface of the probe and then sent again into the organ under investigation. This reflection is repeated until the echoes are fully absorbed (Bogner 1992; Kirberger 1995; Pennick 1995) . As already mentioned before, ultrasonography does not allow a direct visualisation of the rumen contents (Braun 2003) . But the differences in the ultrasonographic appearance of the space behind the ruminal wall ( Fig. 3a-d ) must be interpreted to reflect a difference in the consistency of the ingesta, respectively the amount of gas in Fig. 2 Ultrasonographic investigation in a captive, adult, female moose (A. alces) the ingesta. As physiologically expected, the amount of gas in the ingesta decreased from dorsal to ventral-with a rougher, more gas-containing structure (the fibre mat) in the middle area of the rumen and a less to no gas-containing phase without "rough" ingredients (a fluid phase) in the ventral area.
Our results indicate that, while the presence of a gas dome will be a consistent finding in ultrasonographic investigations of domestic cattle (that are not in the pathological state of "frothy bloat"), a difference between a fibre mat and an underlying fluid phase may be more difficult to detect. It has been reported that in domestic cattle, the fibre mat is mostly not limited to the lower region of the dorsal rumen, as suggested by schematic drawings like Fig. 1 , but reaches deep into the ventral rumen (Kovács et al. 1997; Ahvenjärvi et al. 2001; Hummel et al. 2008b ). For ultrasonography, this repeated finding has the consequence that in many domestic cattle, no difference between ingesta layers may be evident in the ventral rumen. This is most probably also the explanation why we could not differentiate between the fibre mat and the fluid phase in one of the three cows. Fig. 3 Ultrasonographic findings and interpretation with respect to the stratification of the rumen contents of pasture-fed domestic cattle; 1 abdominal wall, 2 rumen wall: a reverberation lines (3) indicative of a gas-filled space (gas dome); b abrupt transition from gas dome (3) to fibre mat (4); c ingesta with gaseous inclusions (fibre mat; 4) at the rumen wall; d transition from fibre mat (4) to a comparatively sharp demarcating ruminal wall with no signs of gaseous ingesta (fluid layer, 5)
The hypothesis that the rumen contents of a browsing ruminant should not contain a gas dome (Clauss et al. 2007) was supported by the ultrasonographic findings in one individual captive moose. For a convincing demonstration of a systematic difference, evidently a larger number of individuals fed their natural diet would have to be investigated. The presence/absence or-quantitativelythe distension of the gas dome is supposedly the most important finding separating wild ruminants of different feeding types-as judged from the difference in the papillation of the dorsal ruminal mucosa (Hofmann 1973; Clauss et al. 2007) . Because the according region of the abdominal wall is, as in this case, less likely to include a thick subcutaneous fat layer than the ventral abdominal region, the ultrasonographic approach to the investigation of a gas dome formation should be feasible in a large number of ruminant species.
We can speculate that the finding in moose would correspond to an ultrasonographic finding in domestic cattle with the pathological state of frothy bloat-a state characterized by an absence of a distinct gas dome; instead, the fermentation gases are disseminated throughout the rumen ingesta, which therefore gains a "frothy" appearance. Most likely, it is an increase in the viscosity of the rumen fluid that prevents the formation of a distinct gas dome in domestic cattle with frothy bloat (Meyer and Bartley 1971; Meyer and Bartley 1972; Clarke and Reid 1974; Sakauchi and Hoshino 1981) . Substances used for a treatment against frothy bloat in domestic cattle reduce rumen fluid viscosity (Meyer and Bartley 1972; Stanford et al. 2001) . It is tempting to speculate that the rumen content of browsing ruminants-which has been described as "frothy" repeatedly (Hofmann 1973 , Nygren and Hofmann 1990 , Renecker and Hudson 1990 )-is of a particularly high viscosity that prevents the formation of a gas dome (Clauss et al. 2006a ). The underlying mechanism might be both a particularity of browse forage and a particularly viscous saliva in browsing species (Robbins et al. 1995 ) but remains to be investigated systematically.
In conclusion, this study showed that ultrasonography can be used as a supportive technique for the investigation of potential differences in the morphophysiological adaptations of different ruminant species to differences in their natural forage. From the data on the papillation of the rumen mucosa in Hofmann (1973) , it appears that the reduction in dorsal rumen mucosa papillation occurs at varying degrees in different species. This could indicate that the extension of the gas dome and its consistent presence might vary between species. In theory, even a further step than the qualitative investigation of this study can be envisioned, where the transition between the different ingesta phases (especially that between the gas dome and the fibre mat) is quantified in terms of its position on the abdominal circumference. As our understanding of differences in wild ruminant digestive physiology increases, measurements performed on live animals become more important. Fig. 4 Ultrasonographic findings and interpretation with respect to the stratification of the dorsal rumen contents (in two levels, a and b) of a browse-fed, captive moose (A. alces); 1 abdominal wall; 2 rumen wall; no reverberation lines indicative of a gas-filled space (gas dome) could be found
